Unexpectedly good UV transmittance at 157 nm of poly(norbornene sulfone) bearing a pendant hexafluoroisopropanol functionality has prompted us to employ this fluoroalcohol as an acid group for the design of chemical amplification resists for use in 157 nm lithography. The backbone structures to which the hexafluoroalcohol group is attached are polynorbornene and polystyrene. Furthermore, our discovery that poly(methyl a-trifluoromethylacrylate) is adequately transparent at 157 nm has led us to incorporate the a-trifluoromethylacrylic unit in the polymer backbone by radical copolymerization with styrenes and norbomenes. Thus, four platforms are currently available to us in preparation of 157 nm resist polymers; 1) all-acrylic, 2) all-norbornene, 3) acrylic-norbomene, and 4) acrylic-styrenic systems.
Introduction
The microelectronics industry is currently promoting 157 nm lithography employing F2 excimer lasers as the preferred technology for manufacture of integrated devices with feature sizes of 100 nm and below. Thus, the evolution of photolithography continues, migrating to shorter wavelengths for higher resolutions. The migration from 365 to 248 nm and from 248 to 193 nm necessitated developments of new materials that are more transparent at the exposing wavelengths. For 248 mn lithography the novolac resin was replaced with polyhydroxystyrene (PHOST), which was then replaced with alicyclic polymers in 193 mn lithography. However, in the early development efforts, PHOST was mistakenly considered too opaque for deep UV imaging [1] . Furthermore, only top surface imaging was initially considered to be viable in 193 nm lithography [2] because all the organic polymers were thought to be too absorbing to be used as single layer resists. It is interesting to note, however, that contrary to the initial pessimism regarding the UV transmission of polymers in 248 and 193 nm lithographic technologies, the resist community has endeavored from the beginning to find polymers that are adequately transparent in the case of 157 nm lithography although the material selection may be even more restricted at such a short wavelength.
In fact, only fluoropolymers and silsesquioxane polymers provide low enough absorption at 157 nm. Thus, single layer resists for use in 157 nm lithography must be built on fluoropolymers, incorporating other requisite functionalities such as acid-catalyzed deprotection, aqueous base developability, adhesion, dry etch resistance, etc.
Although heavily fluorinated polymers such as Teflon are highly transparent but insoluble in J. Photopolym. Sci. Technol., Vo1. 14, No.4, 2001 aqueous base, we decided not to work on modification of such highly fluorinated polymers but to work on modestly transparent and already functional polymers that can be prepared readily by conventional organic and polymer chemistries. Screening UV absorption at 157 nm of several inhouse fluoropolymers has revealed to us two unexpectedly transparent structures with an optical density (OD) of about 3 for a µm-thick film while 248 nm phenolic, 193 nm acrylic and 193 nm cycloolefin polymers are forbiddingly opaque (OD=6-8/p,m) [3] . These transparent polymers are poly(methyl a-trifluoromethylacrylate) (PMTFMA) [4] and an alternating copolymer of 5-(2trifluoromethyl-1,1,1-trifluoro-2-hydroxrypropyl)-2norbornene (NBHFA) with sulfur dioxide [5] . The former was synthesized and evaluated at IBM as an electron-beam resist which undergoes main chain scission more efficiently than the classical poly(methyl methacrylate) (PMMA) resist [6] . The latter was proposed as a new 193 nm cycloolefin backbone polymer bearing a novel acidic group [5] . Our discovery that simple CF3 substitution on common organic polymers can reduce the 157 nm absorption dramatically has convinced us that 157 nm resist polymers can be prepared by using these building blocks.
Methyl a-trifluoromethylacrylate (MTFMA) is similar in structure to methyl methacrylate (MMA) but reluctant to undergo radical homopolymerizarion [7] though it is 54 times more reactive than MMA toward a cyclohexyl radical [8] . Because of its very low electron density (e=2.5) [8] , however, MTFMA undergoes anionic polymerization readily with amines and organic/inorganic salts complexed with 18-crown-6 [4] . While these are unconventional anionic initiators for vinyl monomers, typical anionic initiators such as alkyllithium and Grignard reagents fail to polymerize MTFMA due to SN-2' addition-elimination [4, 9] . PMTFMA synthesized in 1985 by anionic polymerization with potassium tbutoaude was subjected to UV measurements at 157 nm. In the meantime, prediction by Matsuzawa [10] based on his quantum chemical calculation of VUV absorption of small model compounds prompted the Wilson group to prepare PMTFMA by the same procedure (OD=2.68/xm) [1 1 ].
NBHFA and its tBOC-protected form were copol}nnerized with sulfur dioxide in comparison with malefic anhydride (MA) to prepare by radical polymerization new 193 mn resist polymers in which common carboxylic acid was replaced with the hexafluoroisopropanol group [5] , which has a pKa value similar to that of phenol [12] . SOZ can provide a much higher yield than MA in radical copolymerization with NBHFA but poly(norbornene sulfone) lacks dry etch durability [5] . The MAnorbornene (NB) copolymers are too absorbing at 157 nm. Thus, the use of NBHFA monomer in preparation of 157 nm polymers by radical initiation has been met with a challenge. Alternatively, transition-metal-initiated addition polymerization can be employed to prepare polynorbornenes and in fact tBOC-protected NBHFA has been polymerized by Willson et al. with a Ni initiator [11] . PNBHFA thus prepared has a significantly lower 157 mn absorption (OD=2.2-1.67/µm) than P(NBHFA-SOZ) (3. 1/µm).
Polystyrene with pendant hexafluoroisopropanol was reported by Hoechst [13] as a replacement of PHOST in 248 nm lithography. This polymer, poly[4-(1,1,1,3,3,3-hexafluoro-2hydroxypropyl)styrene] (PSTHFA) has been found to be unexpectedly transparent at 157 mn (3.6/jim) and therefore we and others are evaluating ESCAPtype copolymers of STHFA with t-butyl methacrylate (TBMA) or t-butyl atrifluoromethylacrylate (TBTFMA). Furthermore, we have found that MTFMA and other atrifluoromethylacrylic monomers readily undergo radical copolymerization with NB derivatives, providing an additional attractive platform for the design of 157 nm resist polymers.
Experimental 2.1. Materials
The synthetic procedures for MTFMA [7] , NBHFA [5] , and NBHFA protected with tBOC [5] can be found in the literature.
oc-Trifluaromethylacrylic acid (TFMAA) was synthesized by converting trifluaroacetone to airifluoromethylacrylonitrile (TFMAN) [14] followed by hydrolysis and then by dehydration [15] . TFMAA was then converted to TBTFMA. 5-(1,1,1-Trifluoro-2-hydroxyisopropyl)narbornene (NBTFA) was synthesized in a fashion similar to NBHFA by reacting trifluoroacetone with allymagnesiuin chloride followed by a Diels-Alder reaction. NBHFA and NBTFA were protected with an acetyl group for radical polymerization by a commonly known procedure. STHFA was synthesized by reacting a styrenic Grignard reagent with hexafluoracetone. In a similar manner 4-(l,1, ltrifluoro-2-hydroxypropyl)styrene (STTFA) was prepared from trifluoroacetone. Other acrylic and norbomene monomers were synthesized by commonly known methods. The casting solvent employed to dissolve the polymers was propylene glycol methyl ether acetate (PGMEA or PMA) and the aqueous base developer was 0.26 N CD-26 or LDD-26W.
Radical Polymerization
2,2'-Azobis(isobutyronitrile) (AIBN) was used as the initiator. Polymerizations were carried out at 65-75 °C in NZ using ethyl acetate or other solvents commonly employed in NB-MA copolyinerization. While STHFA and STTFA were subjected to polymerization without protecting the fluoroalcohol moiety, NBHFA and NBTFA were protected with an acetyl group to facilitate polymerization.
in situ 1H NMR Analysis of Copolymerization Kinetics
The kinetics of radical copolymerization was monitored in situ at 70 °C by 300 MHz 'H NMR (Broker AC300) using AIBN as the initiator and pdioxane-dg as a polymerization and NMR solvent in a fashion similar to the procedures reported previously [16, 17] .
Measurements
A Broker AF250 spectrometer was run at room temperature to obtain IH (250 MHz) and 13C (62.9 MHz) NMR spectra. Quantitative'3C NMR analysis of polymers was carried out at room temperature in acetone-d6 in an inverse-gated 1H-decoupled mode using Cr(acac)3 as a relaxation agent on a Broker AF250 or AM500 spectrometer. 19F NMR spectra (470 MHz) were measured for polymer composition analysis on a Broker AM500 spectrometer. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed at a heating rate of 5 and 10 °C/min, respectively, in N2 on a Perkin Elmer TGS-2. Molecular weights of the polymers were measured in tetrahydrofuran (THF) on a Waters Model 150 chromatograph relative to polystyrene standards. IR spectra were recorded on a Nicolet 510 FT-IR spectrometer using a film cast on a KBr plate. UV measurements of polymer and resist films coated on CaF2 substrates were performed at 157 nm on multiple thickness using a Varian Cary Model 400 spectrophotometer modified for measurements down to 140 nm in a NZ atmosphere. Film thickness was measured on a Tencor alpha-step 2000. A quartz crystal microbalance (QCM) was used to study the dissolution kinetics of polymer films in an aqueous tetramethylammonium 'hydroxide (TMAH) solution (CD-26) in a fashion similar to the reported procedure [18] [19] [20] .
Lithographic Characterization
Exposures at 157 nm were performed on an Exitech stepper at SEMATECH using an attenuated phase shift mask (6=0.7). Contrast curves were generated either on the Exitech stepper or on a home-built open frame exposure system.
Results and Discussion L Radical Copolymerization
a-Trifluoromethylacrylic monomers are reluctant to undergo radical homopolymerization [7] and therefore anionic polymerization must be carried out to prepare a terpolymer of TBTFMAA, TFMAA, and MTFMA, similar to IBM Version I 193 nm polymethacrylate for tool testing, using protected TFMAA.
However, since the fluaroacrylate monomers undergo radical copolymerizarion with other vinyl monomers such as MMA, though their incorporation in copolymer cannot exceed 50 % in many cases, a11-acrylic polymers can be prepared by combining the fluoroacrylic monomers with regular (meth)acrylates. a-Trifluoromethylacrylic monomers can be copolyinerized also with styrenes by radical initiation. Thus, copolymerizarion of TBTFMA with STHFA (or STTFA) was effected to produce interesting copolymers (PF2-ESCAP), similar in structure with ESCAP [21] . Figure 1 presents Scheme I All-acrylic platform example monomer consumption kinetics curves for copolymerization of TBTFMA and STHFA (34/66 in feed) with AIBN in dioxane-dg at 70 °C. The two monomers are consumed at the same rate and the feed composition remains constant throughout the course of copolymerization (Figure 2 ), suggesting that this feed ratio is an azeotropic point. In fact, the copolymer composition remains essentially constant at TBTFMA/STHFA=35/65 independent of the polymerization time (monomer conversion, copolymer yield).
However, TBTFMA self-propagation is sluggish {reactivity ratios of MTFMA (Ml) and MMA (M2) are r1=0 and r2=2.4) [7] }, and its incorporation in the STHFA is below 50 mol% even at a high concentration of TBTFMA in initial feed as Figure 3 indicates.
The copolymer compositions determined by inverse-gated 13C NMR.
were TBMA can facilely copolymerize with STHFA by radical initiation to provide an ESCAP-like copolymer (PF-ESCAP) (Scheme II). The OH group of the fluoroalcohol group pendant from styrene does not have to be protected for polymerization primarily due to the fast polymerization. Unprotected NBHFA copolymerizes well with SOZ but sluggishly with MA. Considering the good 157 nm transmittance of poly(NBHFA-S02) (3.1/µm), we are interested in incorporating the NBHFA unit in our 157 nm polymer. PNBHFA prepared by transition-metalmediated addition polymerization is even more transparent (L7-2.2/µm).
Therefore, we are evaluating all-norbornene polymers (Scheme III) made by transition-metal polymerization for 157 nm lithography.
Preparation of resist polymers by radical polymerization is attractive for its ease of operation. However, the radical copolymerization of NB derivatives is only practical with MA or SO2. Unfortunately, however, NB-MA copolymers are too absorbing at 157 nm and poly(norbornene sulfones) lack dry etch resistance. We have found that the a-trifluoromethylacrylic monomers can undergo radical copolymerization with NB derivatives with a common radical initiator such as AIBN under standard conditions (Scheme IV). used to in situ monitor the monomer consumption for 26 his with the free induction decay recorded every 30 min. Both monomers react but TFMAA is consumed more rapidly than NB. The copolymer composition is plotted as a function of the polymerization time in Figure 5 . The copolymer composition remained constant at TFMAA/NB=65135 throughout the course of copolymerization.
The copolymer yield calculated from the monomer consumption was 70 wt% after 26 hrs. Mass recovery by precipitation in hexanes amounted to 70 %, indicating that the monomer consumption was due to polymerization.
Scheme III All-norbornene platform
Scheme IV Acrylic-alicyclic platform Table  1 summarizes the co-and terpolyinerizarion data obtained on several comonomer pairs (Scheme V) using the in situ 'H NMR technique. MTFMA and TFMAA gave similar compositions and yields. The copolymer composition was only slightly affected by the feed ratio. Although these fluoroacrylate derivatives are a hard-to-find replacement of MA in radical copolymerization with NB, the copolymer composition appears to center around 211 (fluoroacrylate/norbomene) independent of the feed composition, which is in sharp contrast with the 1:1 composition of NB-MA copolymers. Substitution of the 5-position of NB resulted in reduction of polymer yield as is the case with MA-NB copolymerization. The molecular weights were in the range of thousands, similar to MA-NB copolymers. The IH NMR kinetics experiments were performed using a dilute monomer solution (about 2 moUL, monomer/solvent=ll5 wtlwt) for better NMR resolution.
A higher monomer concentration can significantly increase the polymer yield in a preparative procedure. In fact, P(NB-TFMAA) was prepared in 91 % yield. This copolymerization allows addition of a third monomer such as regular (meth)acrylates and MA, producing homogeneously random terpolyrners.
Polymer Characterization
The polymer composition is the primary parameter that must be optimized in the resist development effort. We have extensively employed inverse-gated 13C NMR in quantitative analysis of polymer compositions [19, 22] . For P(NB-TFMAA) the carbon resonances due to the ester carbonyl and CF3 were equal in intensity, confirming the quantitative nature of the 13C NMR analysis. The composition of P(NB-TFMAA) was determined by 13C NMR to be NB/TFMAA =36/64 (35/65 on the basis of the monomer consumption in the kinetics study). Figure 6 presents 62.9 MHz inverse-gate 13C NMR spectra of the copolymers containing NBHFA. Because the fluoroisopropanol moiety can function as a chain transfer agent in radical copolymerization with a-trifluoromethylacrylate, acetyl-protected NBNFA was employed in copolymerization. By comparing the acetyl methyl resonance at 20 ppm with the quaternary carbon (83 ppm) or carbonyl (168 ppm) resonance in the inverse-gated 13C NMR spectrum of the copolymer of TBTFMA with the acetyl-protected NBHFA (Figure 6 top) , the TBTFMA concentration in the copolymer can be calculated to be 66 mol%. After deacetylation Table 1 Radical co-and terpolymerization of a-trifluoromethylacrylic monomers and norbornenes with ATRN in dinxane-d, at 70 0 .
Scheme V Monomers employed in in situ kinetics studies ( Figure 6 bottom) the copolymer composition can be determined to be TBTFMA/NBHFA=67/33 simply by comparing the intensities of two quaternary carbon resonances at 83 ppm (t-butyl) and 78 ppm (hexafluoroisopropanol).
19F NMR is useful in analysis of compositions of polymers containing fluorine in each repeat unit. Figure 7 presents 19F NMR spectra of three fluoropolymers. The broad peaks in the range of -55 to -78 ppm (relative to hexafluorobenzene) are due to the CF3 group bound to the backbone. The sharper peaks at -73 (bottom) and -75 ppm (top) can be ascribed to CF3 in the pendant hexafluoroisopropanol group and the single peak at -81 ppm (middle) to CF3 of the pendant trifluoroisopropanol group. Integration of the two resonances can readily determine the ratio of the two fluorine-containing units, which completely agrees with the values determined by inverse-gated 13C NMR and by in situ 'H NMR analysis of copolymerization kinetics. Figure 8 summarizes absorbance values at 157 nm of our representative 157 nm resist polymers, model fluoropolymers, and related hydrocarbon polymers. As mentioned earlier, replacement of a-CH3 of PMMA with CF3 has a dramatic impact on VLJV absorption (6.9 -~ 3.1).
The alicyclic backbone bearing hexafluoroisopropanol provides excellent transmittance at 157 nm (1.7-2.2). Thus, the copolymers consisting of NBHFA and atrifluoromethylacrylic monomer provide low enough OD of 3.0-3.2Jµm.
Although polystyrene derivatives are unsuitable as ArF resists due to their unacceptably high optical absorbance of --20/µm, both 248 and 193 nm resist polymers have similar absorbance values of 6-8/µm at 157 nm with aromatic polymers slightly lower on average. To evaluate the feasibility of using aromatic polymers as 157 nm resists, we synthesized PSTHFA, first described by Hoechst as replacement of PHOST in 248 nm lithography [13] , and its analogs. The absorbance of PSTHFA was 3.6/µm, lower than expectation and low enough to make the aromatic polymer potentially useful in 157 ntn imaging. Since one CF3 group (PSTTFA) did not provide good enough transmittance as was the case also with NBTFA, we focused out attention on STHFA and synthesized copolymers with tBOC-protected NBHFA (PF-APEX), TBMA (PF-ESCAP), and TBTFMA (PF2-ESCAP), copying the design of the well-established 248 nm resist systems. Since PFZ-ESCAP containing fluorine in each repeat unit has a lower absorbance of 32-3.6 than PF-ESCAP (4.0-4.2), PFZ-ESCAP has been selected for more thorough evaluation.
The dissolution behavior of the newly prepared polymers were investigated in a 0.26 N TMAH developer (CD-26) using QCM. Figure 9 presents the dissolution kinetics curves of PSTHFA and PSTTFA films cast from PGIVIEA and baked at 130°C for 60 sec . The number of the CF3 group has a large impact on the dissolution rate (as well as on OD at 157 nm). PSTHFA dissolves rapidly at 6,000 A/sec in CD-26 whereas PSTTFA is essentially insoluble, which prompted us to select STHFA over STHFA in preparation of resist polymers by copolymerization. Figure 10 presents the dissolution behavior in CD-26 of some of the aliphatic polymer films cast from PGMEA and baked at 130 °C for 60 sec. The novel radical copolymerization illustrated in Scheme Iv can provide a flexible and versatile platform on which 157 nm resist polymers can be built. While the MA unit in its copolymer with NB occupies 50 % of the backbone without being functional, functional groups (acid-labile, acidic, and other auxiliary) can be placed either in acrylate or in NB in this approach. P(NB-TFMAA) dissolves rapidly at 15,400 A/sec in CD-26 and so does P(NBTBE-TFMAA) due to the high concentration of carboxylic acid (66 %). The dissolution rate can be controlled by incorporating a third lipophilic comonomer such as TBTFMA. Such a terpolymer of TFMAA, TBTFMA, and norbornene bearing hexafluoroisopropyl ester (NBHFIP) can be made insoluble in aqueous base by keeping the acid concentration low (< 35 mol%) as demonstrated in Fig. 10 . The use of the pendant hexafluoroalcohol group as the acid is particularly attractive as it has pKa similar to that of phenol. While PNBHFA dissolves in CD-26 at a rate of 3,800-5,200 A/sec, P(NBHFA-TBTFMA) is essentially insoluble in the Fig. 10 indicates, and thus this copolymer can be used as a resist polymer. Acid-catalyzed deprotection of the 1butyl ester in the acrylate unit of this copolymer would definitely induce rapid dissolution just like the P(NB-TFMAA) film. These examples demonstrate that the dissolution rate can be tailored by changing the components and composition.
Lithographic Evaluation
A preliminary formulation was made by dissolving a PF2-ESCAP polymer and di(4-tbutylphenyl)idodonitun perfluorooctanesulfonate in PGMEA. While the unexposed resist film was essentially insoluble in a 0.26 N TMAH developer, the fully exposed area exhibited a high dissolution rate of 17.500 Alsec, which is comparable to R1naY of the ESCAP resist. The contrast curves for the PF2-ESCAP resist are presented in Figure 11 . The onset of deprotection is observed at about 2 mJ/cm2 as evident from the film shrinkage that occurs upon postexposure bake (PEB) and as soon as small deprotection has taken place, the film begins to dissolve in the aqueous base developer rapidly. The PF2-ESCAP resist begins to display negative tone behavior at the same dose as the UV82 deep UV resist but at a much higher dose than the PAR715 ArF resist.
Scanning electron micrographs of preliminary imaging results on PF2-ESCAP are presented in Figure 12 . Nominal 100 nm 1:1 line/space and 60 nm isolated lines were delineated in a 120 nm thick film at 16 mJ/cm2 on an Exitech 157 nm ministepper using 0.26 N TMAH (LDD-26W). 
4, Summary
We have selected a-trifluoromethylacrylic and hexafluoroisopropanol moieties as building blocks for our 157 nm resist polymers.
The hexafluoroisopropanol group provides the phenollike dissolution behavior and can be bound to norbornene or styrene. The a-trifluoromethylacrylic monomers can be copolymenzed by radical initiation with (meth)acrylates to form an all-acrylic platform, with norbornenes to form an acrylicalicyclic platform, and with styrene (bearing a pendant hexafluoroalcohol) to form an aromaticacrylic platform (PF2-ESCAP).
Additionally, transition-metal-initiated addition polymerization involving NBHFA can also provide attractive 157 nm polymers. All these fluoropolymers we have prepared have adequate UV absorption of 1.7-3.5/µm at 157 mn.
The use of the hexafluoroisopropanol functionality makes the resist systems compatible with the industry standard 0.26 N TMAH developer. A preliminary formulation based on PF2-ESCAP generated encouraging high resolution sub-100-nm images at 157 nm by development with 0.26 N TMAH.
